Nuclear dissipation in capture reactions is investigated using backtracing. Combining the analysis procedure with dynamical models, the difficult and long-standing problem of competition and mixing of quasi-fission and fusion-fission is solved for the first time. At low excitation energy a new protocol able to handle low statistics data gives access to the prescission neutron multiplicity in two different systems 48 Ca + 208 Pb, Pu. The results are in agreement with a domination of fusion-fission in the case of 256 No and an equal mixing of quasi-fission and fusion-fission in the case of Z = 114. The nature of the relevant dissipation is determined as one-body dissipation. §1. Introduction
§1. Introduction
Introduced by Kramers 1) very early after the discovery of nuclear fission, the role of the dissipation was only recognized in the 1970s with the emergence of deep inelastic collisions. Its nature, one-body dissipation (OBD) or two-body dissipation (TBD) and its magnitude and evolution with different parameters as the shape and the temperature, is still a matter of controversy.
A lot of experimental data obtained in most of the cases by the observation of the pre-and postscission emission of particles or γ-rays have been devoted to the determination of the dissipation. But until recently, depending on the experiments but also deeply on the models used to extract the dissipation coefficient (Kramer's γ coefficient), a dispersion of the results covering at least two orders of magnitude is observed. Different behaviours are extracted for the evolution with the temperature and no definitive conclusions can be drawn.
Even if coherent experimental data 2) are selected and analysed by the same dynamical model, 3) a large spreading of the values for the dissipation coefficient is observed. For example, in figure 1 adapted from reference, 4) the evolution with the temperature of the dissipation coefficient is presented for different reactions leading to very different fissioning systems. As pointed out by the authors, on one hand, for true fusion-fission systems (Z 1 Z 2 1600), the deduced γ coefficient ranges from 2 to 10 and is clearly compatible with OBD. No particular evolution with the temperature is observed. On the other hand, for systems with Z 1 Z 2 >1600, the friction coefficient values are considerably larger and clearly not compatible with OBD. This puzzling behaviour for these systems is assumed to be due to TBD or to the expected mixing of mass-symmetric fragments coming from the different reaction mechanisms of capture reactions: quasi-fission and fusion-fission. Indeed, no separation between the two mechanisms was available and only the mean value of the multiplicity for neutron pre-and postscission emission could be obtained using the classical χ 2 minimization. In this report we will show how a powerful analysis protocol, the backtracing, 5) which is able to produce not only mean values but also correlations and distributions, can help us to solve this long-standing problem.
Recently applied to the Ni + Pb 6) and Ca + Th 7) reactions leading to isotopes of Z = 110, the backtracing procedure allowed us for the first time to clearly disentangle, at least intuitively, the contributions or quasi-fission and fusion-fission in the neutron prescission multiplicity distribution. A complete description of the backtracing procedure and its application to our case is described in references. This system has been investigated 8) at the VIVITRON, IReS, Strasbourg, using, as for all the data presented here, the DEMON neutron detector associated to parallel plates or CORSET setups for the detection of the reaction fragments.
In such a low-mass system, obtained in a reaction with a low Z 1 Z 2 product, only the fusion-fission mechanism is expected to contribute to the mass-symmetric fragment distribution. Figure 2 shows the distributions of the pre-and postscission neutron multiplici- ties as obtained by the backtracing protocol. It must be noted that the mean values obtained here are in complete agreement with those deduced from the conventional χ 2 minimization. For instance the mean values of the neutron prescission multiplicity are 2.52 and 2.54 for the χ 2 and the backtracing, respectively (see figure 3 ). Figure 3 presents, in addition to the backtraced distribution, the theoretical results obtained using the dynamical model of Pomorskiet al . 9) This model, based on the resolution of the one-dimensional Langevin equation, is able to describe only the fusion-fission process and is thus well adapted to the 126 Ba system. The excellent agreement observed between experimental data and model calculations is obvious.
In particular one can note that the zero-neutron multiplicity channel is well reproduced. The model uses OBD (wall and window formula) and the agreement confirms that, at least when only the fusion-fission process is concerned and even if the model is not perfect -for instance, no dependence on temperature is included -there is no need to introduce TBD to reproduce the experimental data. To our knowledge, this is the first time that the neutron prescission multiplicity distribution has been experimentally observed and compared with such a good agreement with dynamical calculations. §3. A more complex case: Z = 110
In this case, the fused Z = 110 nucleus is obtained by two different entrance channels ( 40 Ca or 58 Ni projectiles on 232 Th or 208 Pb targets) leading to the same high excitation energies ranging from around 60 MeV to more than 160 MeV. For such (super)heavy systems, the competition between quasi-fission and fusion-fission is expected to populate the symmetric part of the fragment mass distribution and until now there was no real way to disentangle these two contributions at these excitation energies. The experiments were carried out at SARA, Grenoble. 6), 7) Neutron pre-and postscission multiplicities (mean values) were first obtained by a χ 2 minimization and, as usually, led to the same difficulties as before: large values for γ are deduced using dynamical models. It must be noted that, when it was possible, our experimental results were compared to and found to be in complete agreement with those of Hinde et al . 2) In a second step, backtracing was applied and provided us with neutron pre-and postscission multiplicity distributions at least for the highest excitation energy for both systems. Indeed backtracing required very high statistics and has been applied only to these two cases. In both cases, the neutron pre-and postscission correlations exhibit two well-defined regions corresponding essentially to two different distributions for the prescission neutrons. Intuitively, we can think that each separated distribution can be attributed to each of the two capture processes. As expected, a low mean value (of the order of 4) of the neutron prescission multiplicity distribution can be associated to quasi-fission (faster mechanism), a larger mean value (around 7) to fusion-fission (slower mechanism).
Then, using the same HICOL + DYNSEQ code as the one used by K. SiwekWilczynska to deduce the dissipation coefficient for the Hinde et al data, we can reproduce our experimental backtraced correlations by two different scenarii: quasifission and fusion-fission (see rectangles and squares on fig. 4) . They correspond to different angular momentum ranges obtained in HICOL by the comparison with the experimental mass distribution. In both systems, the same dissipation coefficients are needed to reproduce the experimental distributions (γ= 5 for quasi-fission and ranges from 5 to 11 for fusion-fission). This spectacular and first-time agreement with OBD (or with a value between OBD and two times OBD) reconciles completely these data with those corresponding to fusion-fission only and clearly supports the conclusion that, as soon as one is able to distinguish between quasi-fission and fusion-fission, no discrepancy remains and OBD is large enough to reproduce the experimental data. §4. Comparison with Langevin equation models Figure 5 shows the distribution of the prescission multiplicity for the Ni + Pb system. Two free Gaussian curves have been fitted on the experimental backtraced distribution (full line) and are now considered to represent the distribution to be attributed to the quasi-fission and fusion-fission mechanisms. Calculations for the fusion-fission part, performed by Schmitt 10) using the Pomorski model, are also given in this figure (dotted curve). One can note that the mean value and the width obtained in this model are slightly too high, but the agreement can be considered as satisfactory with this OBD (only) symmetric fission model if one takes into account that it does not contain the dissipation in the entrance channel and that no dependence of friction on shape nor temperature is considered. These points are under consideration. If one takes into account that these preliminary calculations include all the events associated not only with quasi-fission and fusion-fission but also with deep-inelastic processes, the overall agreement is satisfactory. It seems obvious that, as soon as the experimental mass and total kinetic energy cuts are included in the calculations, the agreement will be better. Indeed, deep-inelastic processes are known to be low prescission multiplicity events and the symmetric fusion-fission process corresponds to the largest muliplicity. §5. At low excitation energy Low excitation energies, which means the ones required for the superheavy synthesis, represent a very serious problem in the determination of the dynamical aspects of capture reactions. Indeed, regardless of the decreasing of the cross-section, which is already a severe limitation, the prescission multiplicity will also drop and can represent a real difficulty for the backtracing since it requires very high statistics for the neutron experimental observables.
A new protocol (THOMATE), able to handle low statistics data, 13) has been developed and applied to 48 Ca + 208 Pb, Pu at 40 MeV of excitation energy. The neutron prescission multiplicity distributions obtained in both cases are presented on figure 7 for the symmetric part of the mass distribution. In the 256 No case, as expected, the prescission multiplicity distribution exhibits only one bump, confirming Fig. 7 . Prescission neutron multiplicity distributions for Ca + Pb (left) and Ca + Pu (right). In the Pu case, two distributions appear, a one-bump distribution corresponding to quasi-fission events with mass around 208 and a two-bump distribution corresponding to symmetric-mass fragments.
the domination of the fusion-fission process. In the Z = 114 case, the distribution shows two bumps in agreement with 50-50 % of quasi-fission and fusion-fission. A first preliminary comparison with Langevin calculations using OBD is in agreement with the experimental results. 12)
